Abstract: Self-assembled nanostructures of a, v-dihexylsexithiophene~DH6T! formed by spreading DH6T solutions onto freshly cleaved mica surface were studied by atomic force microscopy. The effects of solvent and concentration on the nanostructures of DH6T molecules were studied. Flat, well-ordered, and platelet-like domains were observed on mica surfaces after treatment with various polar solvent solutions of DH6T. These domains form a uniform film with height of 2.4 6 0.2 nm, which is consistent with a 458 tilt in the molecular conformation of DH6T on mica surfaces. The formation mechanism of these multilayers is discussed in detail.
INTRODUCTION
With excellent electronic properties and high stability under ambient conditions, thiophenes, oligothiophenes, and polythiophenes have found applications as materials for organic light-emitting diodes~OLEDs!~Friend et al. Guo et al., 2009; Smaali et al., 2010!, and long life~López et al., 2004 !. By modifying molecular structures with functional groups, alkyl chains, and thiophene rings, the emitting color of an OLED can be regulated from blue to red~Zambianchi et al., 2009!. Controlling the arrangement of these conjugated molecules at a molecular level can have important consequences on their electronic properties and device applications. This concept has stimulated many studies to look into the packing order of conjugated molecules with different molecular dimensions.
Although the fabrication of practical devices involves the deposition of multilayered thin films, it is critical to state the structure of the first monolayer because it can be influential to the subsequent growth of thin films. Thus, elucidating how oligothiophene molecules interact with the substrate may be important for their future applications. Recently, research in this field has focused on the control of the spatial orientation and packing of oligomers through the design of molecular and supramolecular architectures Tongol et al., 2009 Tongol et al., , 2010 Saini et al., 2010; Wang et al., 2010 !. Two different approaches have been carried out in an effort to control the molecular assembly and to give well-defined structures on the nanoscale.~1! Self-assembly of conjugated compounds in a solution: This process was governed by the interplay among the conjugated molecules, the solvent, and the substrate surface~Schenning et al., 2002; Surin et al., 2004; Yang et al., 2005; Wu et al., 2007; Tsai et al., 2010 !.~2! Sublimation of conjugated oligomers onto surfaces from individual molecules in the vapor phase: Their assembly was dependent on intermolecular interactions between the conjugated species and the substrate surface, while interactions between compound and solvent were absent~Cicoira et al., Vaddiraju et al., 2008!. In fact, self-organization of conjugated building blocks in solutions or on surfaces, and the construction of nanoscopic and mesoscopic~10-1,000 nm! architectures, was the first process used for construction of molecular electronics~Davies et al., 1998; Aratani et al., 2000 ! or circuits Moore & Zhang, 1992 ! through surface patterning to form nanometer-sized structures~Engelkamp et al., 1999; Kolb & Engelmann, 2000 !. These investigations constitute a step forward for organic nanoelectronics.
Oligomers and polymers based on a, v-linked thiophenes are at the forefront of organic semiconductor materials with potential applications in FETs and related structures Katz & Bao, 2000!. In this article we investigated the self-assembled nanostructures of a, v-dihexylsexithiophenẽ DH6T! formed on mica surfaces as a function of solvent type and DH6T concentration using atomic force microscopy~AFM!. The DH6T molecules adsorbed onto solvent exposed mica surfaces at a 458 tilt formed flat and plateletlike domains. The resulting information may improve our understanding for development of theoretical models using molecular dynamics simulations of self-assembled monolayer~SAM! formation processes. We anticipate that such obtained oligothiophene nanostructures have great potential in applications for photovoltaic systems.
METHODS AND MATERIALS
Chemicals a, v-Dihexylsexithiophene~DH6T, spectroscopy grade! was purchased from Sigma-Aldrich~St. Louis, MO, USA!. Its stereographic structure showing individual atoms is shown in Figure 1 . The smallest spheres in light gray represent H atoms, the medium-sized spheres in dark gray at the molecule body are C atoms, and the largest spheres in black correspond to S atoms. The possible van der Waals dimensions of the thiophene backbone and hexyls are about 2.3 nm and 0.72 nm, respectively. Chloroform, toluene, tetra-hydrogen furan~THF!, and benzene~spectroscopy grade! were purchased from Kanto Chemical Co.~Tokyo, Japan! and used as received.
Samples
A Muscovite mica substrate @KAl 2~A lSi 3 ! O 10~O H! 2 # was cut into about 1.2 cm ϫ 1.2 cm square pieces as the support. The simple and reproducible spread-coating technique~Song et al., 2008! was employed to prepare the samples. Briefly, a droplet~20 mL! of DH6T solution in various solvents was dropped on and allowed to spread over the freshly cleaved mica surface. After the solvent was volatized completely, the sample was transferred to desiccate for AFM imaging. The self-assembled nanostructures of DH6T as a function of solvent type and DH6T concentration were investigated to discuss the film formation process.
AFM Imaging
AFM measurements were carried out with an AJ-III Microscopy~Shanghai Aijian Nanotechnology! in tapping mode. Standard silicon cantilevers~spring constant, 0.6-6 N/m! were used under their resonance frequencies~typically, 60-150 kHz!. All AFM images were obtained at room temperature under ambient conditions. The AFM images presented in this work were raw data, except for flattening.
RESULTS AND DISCUSSION
To investigate the effect of solvent on the formation of DH6T film, four kinds of solvents with different polarities including chloroform, THF, toluene, and benzene were adopted. These results are shown in Figure 2 . All images are typical of ones obtained from at least five macroscopically separated regions on each sample. In these images, the dark regions indicate the mica surface, while the gray regions indicate DH6T films. After treatment with 1.0 mmol/L chloroform, THF, or toluene solutions of DH6T, respectively, the DH6T formed flat, well-ordered, and platelet-like domains on the mica surface~Figs. 2a-2c!. It is noticeable that some grainy dots were encased in the films after treatment with 1.0 mmol/L toluene solution of DH6T~Fig. 2c!. These grainy dots might result from the aggregation of DH6T because they disappeared in the absence of DH6T. Coverage of these films on the mica surface was measured to be about 68 6 3% through bearing analysis. These domains formed a uniform film with height of 2.4 6 0.2 nm measured by cross-sectional analysis. These results suggested that the DH6T formed densely packed, well-ordered, and plateletlike films. After treatment with 1.0 mmol/L benzene solution of DH6T, small aggregations rather than flat film were observed as shown in Figure 2d . The height of these particles was about 15 6 5 nm, which was much higher than that of the flat films mentioned above.
It is well known that the surface of freshly cleaved mica is hydrophilic~Wang et al., 2003! and polar. The DH6T is a hydrophobic and nonpolar molecule, thus it was hard for DH6T to adsorb onto the mica surface directly. Solvents of chloroform and THF are both polar. Thus we tentatively assumed that polar solvent molecules firstly attached onto the mica surface with its polar atom~such as Cl, O!, leaving the other carbon and hydrogen atoms outward. The process made the solvent exposed mica surface hydrophobic for DH6T molecules to adsorb with their alkyl side chain based on a hydrophobic interaction. This achieved a twodimensional DH6T thin film with a compact and plate-like structure. While toluene is a weakly polar solvent, it thus interacts with the mica surface with weaker force than chloroform and THF. Consequently, some parts of the mica surface that were not exposed to solvent and DH6T formed small particles on these mica surfaces~some grainy dots were encased in the films of Fig. 2c !. Benzene was a nonpolar solvent and could not solvate the polar mica surface. Thus it was very hard for the hydrophobic DH6T to adsorb and grow on the hydrophilic mica surface after treatment with 1.0 mmol/L benzene solution of DH6T. Therefore, the DH6T formed random aggregation on the mica surface.
The effect of concentration on the formation of DH6T film was also studied. We chose chloroform as a representative. Typical AFM images and their corresponding section analysis of a series of DH6T samples dissolved in chloroform with different concentrations are shown in Figure 3 . All images are typical of those obtained from at least five DH6T Self-Assembled Nanostructures on Mica 847 macroscopically separated regions on each sample. The concentrations in Figures 3a-3d were 0.6, 0.8, 1.0, and 1.8 mmol/L, respectively. With concentrations as low as 0.6 mmol/L, the mica surface was covered sparsely with small circular DH6T islands, and the average thickness of these islands was measured to be about 2.4 6 0.2 nm. The coverage of this stage was measured to be about 10 6 2%. In Figure 3b , when the DH6T concentration was increased to 0.8 mmol/L, long and plate-like DH6T films instead of circular grains were observed. The average thickness of the film was 2.4 6 0.2 nm, and the coverage of this stage was increased to 32 6 3%. In Figure 3c , when DH6T concentration was increased to 1.0 mmol/L, DH6T formed flat films and covered most of the mica surface. The average thickness of the formed film was maintained at 2.4 6 0.2 nm, and the coverage of this stage was increased to 70 6 5%. As DH6T concentration was further increased to 1.8 mmol/L, it was obvious that DH6T formed a multilayer structure on the mica surface. Some new gray-white homogeneous and continuous regions indicating a new DH6T layer formed on top of the first layer, as shown in Figure 3d . In other words, DH6T formed a multilayer structure on the mica substrate. These domains formed a uniform film with height of 2.4 6 0.2 nm, and the coverage of this stage was increased to be 98 6 3%. These results implied that stacks of equivalent height of a longish DH6T monolayer were formed on the mica surface under high DH6T concentration. Although more experimental evidence and theoretical considerations are necessary to determine the exact growth mechanism, it is apparent that very different morphologies are acquired by changing the DH6T concentration and the surface coverage of DH6T films were increased with increasing DH6T concentrations. AFM images of DH6T multilayers as a function of DH6T concentration also showed that during the whole film-formation process DH6T molecules first formed some sporadic domains on the mica surface. With the increasing of DH6T concentration, these domains gradually enlarged and coalesced, until they formed a continuous film. After the first layer was formed, it began to form the second and third layer on the first layer and gradually formed the multilayer structure.
It was interesting to notice that these domains formed a uniform film with height of 2.4 6 0.2 nm, independent of the conditions of preparation~concentration or type of solvent!. The geometry and length of one stand-up DH6T molecule would be 3.4 nm @calculated from Van der Waals diameters and energetic minimization based on molecular mechanics~MM2!#.~The protocol of Andrew, 1996 was adopted to clarify the packing structures of the DH6T molecules.! The exact mode by which alkyl side chains attached to the mica surface could conceivably affect the conformation of the multilayers. For example, when a DH6T molecule adsorbs onto the mica surface with its fully extended alkyl chain parallel to the surface normal axis, the height of the layer should be 3.4 nm. However, the height of these repeated layers was only 2.4 nm, which was shorter than 3.4 nm. Thus it is suggested that the molecules could not stand fully extended and perpendicular to the substrate, and it is reasonable to suppose that a 2.4 nm thick layer is consistent with a 458 tilt in the molecular conformation of DH6T on mica surfaces. It is similar to the model of amphiphilic molecules studied previously~Wang et al., Wang & Wang, 2004; Song et al., 2008 !. Multilayer crystallites composed of stacks of longish monolayer with equivalent height might grow in a pseudo-layer-by-layer way. The adsorption model of DH6T multilayers was proposed in Figure 4 , where the various solvents were indicated accordingly. In this model, the solvent exposed mica surface was first modified by the polar atom of solvent adsorbing on the polar cavity of the mica surface. Since the distance between two neighbor cavities of mica surface was about 0.5 nm, the distance of two neighbor solvents was also about 0.5 nm. The hydrophobic alkyl chain adsorbed preferentially on the solvated mica surface due to the hydrophobic interaction as shown in Figure 4 . Such DH6T conformation and their arrangement on the solvent exposed mica surface resulted in a distance about 0.4 nm between two neighbor DH6T molecules, which would produce a strong Van der Waals interaction to stabilize this arrangement.
Thus, DH6T molecules were always adsorbed on the mica surface with tilted monolayer structure during the developing process, the strong Van der Waals interactions between hydrophobic DH6T backbones and chains were assumed to play an important role in forming such structure. At the beginning of this developing process, DH6T molecules formed sporadic domains on the mica surfacẽ Fig. 3a !. With the preceding coating process, DH6T molecules would preferentially "stick" to whatever part of an existing DH6T domain with which it first came in contact, and this caused the domains to increase in size and grow together~Fig. 3b!. When more and more DH6T molecules adsorbed onto the mica surface, these domains gradually enlarged and coalesced until formed a platelet-like film, which indicated the diffusion almost reached balancẽ Fig. 3c !. With the concentration further increased, the films grew in a layer-by-layer way~Fig. 3d!.
Phase images can be generated as a consequence of variations in material properties such as adhesion, friction, and viscoelasticity~Babcock & Prater, 1995!, and their interpretation in the material sciences is rapidly evolving Whangbo et al., 1997!. It has been suggested that the major factors affecting phase shifts in soft materials are viscoelastic properties and adhesion forces with little participation by elastic properties~Tamayo & Garcia, 1996!. In addition, it has been shown that the response of the cantilever is strongly influenced by surface forces such as adhesion and capillarity. Thus a phase image provided a map of stiffness variations on the sample surface. In a phase image the stiffer region was brighter~Whangbo et al., 1997!. In our experiments, phase images together with the height images can help us discriminate DH6T multilayers from the mica substrate. Figure 5 was the selected simultaneously recorded topography and phase image of DH6T with 2.0 mmol/L in chloroform. As shown in Figure 5b , the DH6T multilayers shown in Figure 5a with different height had an identical phase degree, which confirmed all multilayers were terminated with the same endgroup. DH6T multilayers demonstrated a little brighter color compared with the mica substrate, which suggested these DH6T multilayers were even stiffer than the mica substrate. Since the hydrophobic alkyl chain was stiffer than the mica substrate according to previous work~Tamayo & Garcia, 1996!, the hydrophobic alkyl chain would show a lighter color than the mica substrate. Thus, the phase image in Figure 5 confirmed that in our case the multilayers were terminated with the hydrophobic alkyl chain as discussed above.
CONCLUSIONS
In summary, tapping mode AFM was employed to study the morphology and self-assembled nanostructures of DH6T film formed on a mica substrate by the spread-coating technique for the first time. The effects of solvent and DH6T concentration on the film structure were studied in detail. Flat, well-ordered, and platelet-like domains were always observed on the mica surface independent of solvent. These domains form a uniform film with a height of 2.4 6 0.2 nm according to a 458 tilt molecular conformation of the DH6T on the mica surface. With the DH6T concentration increasing gradually, the DH6T formed a multilayer DH6T Self-Assembled Nanostructures on Mica 849 structure on the mica surface. The information might improve our knowledge of the mechanisms underlying various interfacial processes and could help in the development of the theoretical models for dynamic simulations of molecule adsorption. Finally, we anticipate that such oligothiophene nanostructures could be a model system in investigations for photoelectricity systems.
